Objective-The purpose of this study was to investigate the relationship of plasma homocysteine (tHcy) levels with coronary artery disease (CAD) and left ventricular ejection fraction (LVEF) in high-risk patients undergoing coronary angiography for suspected CAD. Methods and Results-In 936 consecutive patients, we measured LVEF, tHcy, folate levels, and quantified CAD with a modified Duke Index score. We also genotyped patients at the methylen-tetrahydrofolate-reductase 677C3 T polymorphism. Hyperhomocysteinemia (HHcy) was defined as tHcy levels Ն15.46 mol/L; total and cardiovascular mortality was assessed at follow-up that lasted 43 months (median). CAD was confirmed in 75% of patients and ruled out in the rest (non-CAD group). No relationship of HHcy with either arterial hypertension or the CAD score was found. In contrast, there was a significant inverse relationship of tHcy with LVEF in arterial hypertensive but not in normotensive patients, regardless of previous myocardial infarction. At logistic regression, HHcy was the strongest predictor (Pϭ0.001) of a low (Ͻ40%) LVEF, followed by type 2 diabetes mellitus and cigarette smoking. At follow-up, HHcy significantly predicted cardiovascular mortality but only in the arterial hypertension subgroup. Conclusions-In arterial hypertensive but not in normotensive patients, HHcy predicts cardiovascular mortality and a low LVEF, independent of CAD and history of myocardial infarction. (Arterioscler Thromb Vasc Biol. 2005;25:115-121.) Key Words: homocysteine Ⅲ arterial hypertension Ⅲ coronary artery disease Ⅲ survival Ⅲ MTHFR 677C3 T polymorphism Ⅲ left ventricular ejection fraction Original
H yperhomocysteinemia (HHcy) might play a causative role in the development of coronary artery disease (CAD) and cardiovascular (CV) disease 1 and originates from an interplay of environmental factors, such as folate and B 12 vitamin deficiency, and genetic factors, including the thermolabile variant (677C3 T) of methylen-tetrahydrofolatereductase (MTHFR) gene. 2, 3 On the basis of plasma homocysteine (tHcy) concentrations, HHcy has been classified as mild/moderate (15 to 30 mol/L), intermediate (30 to 100 mol/L), and severe (Ͼ100 mol/L). 4 Mild/moderate HHcy is common (5% to 7%) in the population and might increase the risk of CV disease, 3, 5, 6 but its association with such phenotype is weaker than that of severe HHcy. Prospective studies in high-risk subjects suggested that HHcy can be a risk factor for overall mortality, 7 recurrent CV events, and hospitalization, 8 but studies of healthy subjects did not confirm this contention. 8 -10 Thus, it would appear that mild/ moderate HHcy plays a minor role for CV disease and might attain a greater importance only in high-risk patients.
Theoretically, HHcy could increase blood pressure by decreasing the endothelial production of NO, inducing accumulation of the endogenous NO synthase inhibitor asymmetrical dimethylarginine, 11 or lowering NO bioactivity through induction of oxidative stress. 12, 13 Nonetheless, only a weak association between HHcy and arterial hypertension was found, 14 -18 and there are no data in high-risk patients.
HHcy can exert nefarious effects on the heart by inducing coronary arteriolar remodeling, left ventricular (LV) hypertrophy, and interstitial fibrosis with concomitant diastolic dysfunction. 19 In humans, tHcy has also been related to LV hypertrophy, 20 albeit not consistently, 21 and to the development of congestive heart failure. 22 A significant relationship of tHcy with LV structure but not fractional shortening has also been reported. 23 However, data on the impact of HHcy on LV function are limited and conflicting. 7, 24, 25 Thus, in the arterial hypertensive and normotensive patients of the Genetic and Evironmental Factors in Coronary Atherosclerosis (GENICA) study, 26 a prospective investiga-tion of high-risk patients undergoing coronary artery angiography, we sought to clarify the relationship of HHcy with LV ejection fraction (LVEF) and the extent of CAD.
Methods
The general criteria for enrollment of patients and controls in the GENICA study 26 and the inclusion and exclusion criteria for this study are detailed in the online Methods (available at http:// atvb.ahajournals.org). The study protocol was approved by the ethics committee, and written informed consent was obtained from each participant.
Demographic and Clinical Measurements
Information on history of CV events, current medications and concurrent conditions, 26 and measurement of body mass index and blood pressure was obtained as described in detail (online Methods).
Coronary Angiography
Angiography and LVEF measurement were performed according to a standard method; 27 the severity of CAD was graded with the Duke Prognostic Index modified to account for the impact of left main trunk stenosis 28 (online Methods).
Laboratory Measurements
The laboratory techniques used are detailed in the online Methods.
Longitudinal (Follow-Up) Study
Follow-up was assessed by a committee that was unaware of the tHcy values on the basis of all available information (hospital records, physician records, death certificates, and direct contact with patients or their family doctor and relatives whenever necessary). Death was defined, according to the Syst-Eur Trial, 29 as CV if sudden, resulting from congestive heart failure, acute myocardial infarction, or stroke.
Statistical Analysis
Quantitative variables were compared by one-way ANOVA followed by Bonferroni's test. The distribution of categorical variables and their agreement with the Hardy-Weinberg equilibrium were investigated by 2 analysis. Natural logarithm (ln) transformation of tHcy and folate values was undertaken for comparison of groups. To identify the determinants of tHcy, a stepwise (backward) regression analysis with inclusion and exclusion cutoffs of 0.09 and 0.10, respectively, was performed; the model with significant determinants was then used for adjustment of tHcy values. To determine the independent risk factors of CAD and a low (Ͻ40%) LVEF, logistic regression analysis with the backward stepwise selection (Wald criterion) for the effect of the 677C3 T MTHFR variant and the other CV risk factors was used (details of the coding of the variables are available in the online Methods). Significance was set at PϽ0.05. Comparison of receiver operator characteristic (ROC) curves investigating the usefulness of HHcy and the score of CAD as predictors of a low LVEF was performed with MedCalc (version 7.3.0.0; MedCalc Software). CV death rates and comparisons of survival curve were estimated by Kaplan-Meier and with the log-rank test. Cox stepwise (backward) regression analysis was also used to determine the relationships between clinical variables (gender, age, ejection factor, creatinine, and tHcy), MTHFR genotypes, and CV death at follow-up period.
Results

Demographic Characteristics and CAD Findings
In healthy subjects, the tHcy values distribution was positively skewed (skewness index 2.43Ϯ0.08), and the median (range) tHcy value was 9.90 mol/L (6.41 to 26.50). Thus, the 90th percentile of the tHcy distribution (ie, 15.46 mol/L) was used as cutoff to define HHcy. The skewed distribution was seen also in the patients; therefore, comparison of tHcy values between groups was undertaken after ln transformation. We investigated 936 patients originally recruited in the GENICA study. Of these, 25% had normal coronary arteries (eg, a CAD score of 0 [non-CAD]), and the rest showed significant CAD (Table I , available online at http://atvb.ahajournals.org). Overall arterial hypertension was present in 566 (60%) patients; the hypertensives entailed 63% of CAD versus 53% of non-CAD ( 2 ϭ6.80; Pϭ0.009). Patients with arterial hypertension were receiving treatment with at least one antihypertensive agent of the following class: 59% angiotensin-converting enzyme inhibitors, 42% calcium entry blockers, 40% ␤-blockers, 38% diuretics, 7% sartans, and 6% ␣ 1 -blockers.
The Table shows the main features of patients divided according to the presence or absence of CAD and arterial hypertension. CAD patients were older than non-CAD and showed higher plasma levels of triglycerides, total/highdensity lipoprotein (HDL)-cholesterol ratio, and glucose in the arterial hypertensive and normotensive cohorts. The prevalence of the CV risk factors in the patients classified according to quartiles of CAD score is shown in Table II (available online at http://atvb.ahajournals.org). Significant differences of gender, rates of arterial hypertension, hypertriglyceridemia, cigarette smoking, and type 2 diabetes mellitus were seen across quartiles of CAD. In contrast, no differences of MTHFR genotypes distribution were seen.
tHcy Levels and Their Determinants
No differences of raw tHcy and folate levels across groups were found (Table) . Regression analysis allowed identification of serum creatinine (PϽ0.0001), the 677C3 T MTHFR genotype (PϽ0.0001), plasma folate levels (PϽ0.0001), LVEF (Pϭ0.001), and age (Pϭ0.032) as the predictors of tHcy, overall accounting for 14.4% of tHcy variance. A model with these covariates was used to calculate adjusted tHcy values in individual patients. This adjustment allowed identification of a slight but significant (PϽ0.05) difference of tHcy between non-CAD and CAD arterial hypertensive patients (Table) .
Prevalence of HHcy and Association With Arterial Hypertension and CAD Severity
Overall, 79% of patients had normal tHcy, 18% had mild/ moderate HHcy, and 3% had intermediate HHcy, as defined previously. The prevalence of mild/moderate and severe HHcy was similar in arterial hypertensive and normotensive (22% versus 21%; NS) patients, even when they were divided according to the extent of CAD (Table II) or when adjusted tHcy values were used.
Association of tHcy With LVEF
A low (Ͻ40%) LVEF was found in 92 (9.8%) patients. LVEF was a significant predictor of tHcy at a stepwise regression analysis. Correlation analysis showed that LVEF was significantly and inversely related with tHcy in arterial hypertensive (rϭϪ0.189; PϽ0.0001) but not in normotensive patients (rϭϪ0.078; NS). This inverse relationship also remained significant in the arterial hypertensive patients when they were split into those with and without previous myocardial infarction ( Figure 1 ). HHcy was the strongest predictor of a low LVEF in the whole population (␤ϭ0.772; Pϭ0.001; odds ratio [OR], 2.16 [1.36 to 3.44]), followed by type 2 diabetes mellitus (␤ϭ0.607; Pϭ0.011; OR, 1.83 [1.15 to 2.92]) by logistic regression analysis. In contrast, smoking, CAD score, male gender, low HDL-cholesterol, arterial hypertension, being overweight, hypercholesterolemia, and age Ͼ60 years did not enter in the model (ie, they were not useful predictors of a low LVEF).
Knowledge of tHcy, smoking, and type 2 diabetes mellitus status overall allowed a correct classification of patients in the low or not low LVEF class in 89% of cases. At ROC curve analysis, the area under the HHcy ROC curve for identifying a low (Ͻ40%) LVEF in hypertensive patients (nϭ566) was 0.624Ϯ0.043 (95% CI, 0.582 to 0.665; ie, significantly greater not only than that under the identity line but also than that under the score of CAD; area under the curve [AUC]ϭ0.513Ϯ0.042; 95% CI, 0.002 to 0.221; difference between AUCϭ0.111Ϯ0.056; PϽ0.05). The latter did not differ from that under the identity line. Therefore, in the arterial hypertension subgroup, knowledge of tHcy was useful for identifying patients with low LVEF but not those with CAD.
MTHFR Genotype
The MTHFR 677C3 T allele distribution was consistent with the Hardy-Weinberg equilibrium in arterial hypertensive and normotensive patients, with and without CAD. There were no differences of genotypes frequency between CAD/non-CAD, across quartiles of CAD score (Table II) , and between the groups with and without arterial hypertension (Table) . Analysis of covariance showed a significant effect MTHFR Data are expressed as meanϮSD (ϮSE for tHcy and folate). Non-CAD indicates CAD score index of 0; CAD, CAD score index Ͼ0; BP, blood pressure; BUN, blood urea nitrogen. tHcy adjusted for serum creatinine, folate, MTHFR 677C3 T genotype, LVEF, and age. 677C3 T genotype, folate status, and LVEF (all PϽ0.001) on tHcy. Therefore, to further investigate whether folate affected the relationship between tHcy and LVEF, we split our patient population according to the overall median (10.31 nmol/L) of plasma folate values. We found that in all LVEF quartiles, tHcy values were higher (PϽ0.001) in the TT homozygous compared with the other MTHFR genotypes and within each genotype in the patients whose plasma folate levels were below the median value compared with those above this cutoff. The stepwise increase of tHcy with decreasing LVEF quartile, which was particularly evident in the subgroup below the overall median of plasma folate, is shown in Figure 2 .
Effect of HHcy and MTHFR Genotypes on Survival
The median duration of follow-up was 43 months, and complete information could be obtained in 888 (94.8%) patients. The CV mortality rate was high in the normotensive (7.9%) and in the arterial hypertensive (9.4%) patients. At Kaplan-Meier analysis, patients with HHcy had a significantly lower survival from CV death (Pϭ0.0003) than those with normal tHcy, mainly because of the worse survival of the arterial hypertensive patients (Pϭ0.0012; Figure 3 ). At variance, no association of MTHFR genotypes was found, either in the whole population or in any subgroup. At Cox regression with multivariate adjustment for major CV risk factors, the independent predictors of CV death-free survival were age (PϽ0.0001), LVEF (PϽ0.0001), CAD score (Pϭ0.005), and hypercholesterolemia (Pϭ0.034). Interestingly, after forcing out the LVEF, tHcy remained in the model, thus becoming an independent, albeit weak (Pϭ0.06), predictor of survival from CV death, along with age (PϽ0.0001), CAD score (Pϭ0.005), and hypercholesterolemia (Pϭ0.046). Similar results were obtained when ongoing medical treatment was entered in the Cox regression model.
Discussion
The GENICA study entailed mainly high-risk patients because 96% of them were in the highest class of risk according to the Adult Treatment Panel III criteria; 30 however, the majority (89%) had a normal LVEF. We used state-of-the-art techniques for genotyping the patients for the common MTHFR 677C3 T single-nucleotide polymorphism (SNP), measuring LVEF, 27 tHcy, folate, and quantifying the coronary artery atherosclerotic burden. 28, 31 Thus, we could establish the prevalence of HHcy and the relationship of tHcy, folate, and the MTHFR 677C3 T genotype with the CV phenotypes CAD and LVEF with unprecedented accuracy in high-risk patients.
Prevalence of HHcy
A first important finding of this study is the recognition that HHcy is common in white patients referred for CAD because 18% and 3% of them had mild/moderate and intermediate HHcy, respectively. It is noteworthy that these prevalence rates fell sharply after tHcy adjustment for the covariates that clustered with HHcy (serum creatinine, the 677C3 T MTHFR genotype, plasma folate levels, LVEF, and age). Unexpectedly, even despite the large sample size and high HHcy prevalence rate, we found no association of either HHcy or tHcy with CAD severity, in contrast with some 32, 33 but not all reports. 7, 34 Indeed, in the study that first described an association of tHcy with subsequent mortality, tHcy correlated only weakly with CAD extent in the cohort of patients who had coronary artery angiography, suggesting that: (1) tHcy can affect survival independent of development of CAD, 7 and (2) the determinant of coronary atherosclerotic burden and of CV death differ, although they might have some overlap.
Association of HHcy With Arterial Hypertension
The Third National Health and Nutrition Examination Survey provided evidence for an independent positive association of blood pressure with tHcy. 15 Studies also found a correlation of tHcy with blood pressure, 15, 18, 35, 36 only with systolic blood pressure, 37 or no correlation whatsoever after adjustment for confounders. 36 Thus, data are conflicting and mostly confined to low-risk patients. We found no differences of tHcy or Figure 2 . The graph shows the tHcy levels adjusted for significant covariates (see text for explanation) of the patients divided by MTHFR 677C3 T genotype and into quartiles of LVEF. Analysis of covariance showed a significant effect of MTHFR 677C3 T genotype, folate status, and LVEF (all PϽ0.001) on tHcy. Patients were therefore split into those below (left) and above (right) the overall median of plasma folate. In both subgroups, the TT homozygous had higher tHcy than the other genotypes. There was a stepwise increase of tHcy with decreasing LVEF quartile that was particularly evident in the subgroup below the overall median of plasma folate. HHcy rate between patients with and without arterial hypertension in the group as a whole and in CAD and non-CAD patients. Borderline significantly higher tHcy values were seen in CAD arterial hypertensive patients compared with CAD normotensive patients but only after adjustment of tHcy values for confounders. We also found no differences of MTHFR genotypes between non-CAD and CAD patients or between arterial hypertensive and normotensive patients. Accordingly, our results do not support the contention that a genetic susceptibility to chronic HHcy, which can impair endothelium-dependent vasodilation, 12, 13 involves a higher risk of arterial hypertension.
Relationship of HHcy With LV Ejection Fraction
Previous data on the relationship of LVEF and tHcy were limited and conflicting: in elderly CAD patients, an inverse relation was reported, 24 but a positive (rϭ0.13; PϽ0.001) 7 or no correlation was also described. 25 Accordingly, our detection of an inverse relationship between tHcy and LVEF is novel and might explain the association of HHcy with CV mortality, 38 inasmuch as LVEF is a powerful determinant of survival.
HHcy not only resulted to be inversely related with LVEF but also emerged as the strongest (Pϭ0.001) determinant of a low (Ͻ40%) LVEF at logistic regression analysis. Indeed, comparative ROC curve analysis showed that HHcy but not the CAD score was useful for predicting a low LVEF in arterial hypertensive patients. It is noteworthy that in the arterial hypertensive but not normotensive patients, the inverse relation between LVEF and tHcy was seen, regardless of previous myocardial infarction (Figure 1) , thus suggesting that arterial hypertension rather than loss of cardiomyocytes is crucial for this negative association. Thus, our finding fills a gap of information and suggests that arterial hypertension may act as a factor unmasking, or perhaps favoring, the onset of a low LVEF.
The relationship of tHcy with LVEF was by no means weak, suggesting that HHcy could be only a minor determinant of LV function. However, this might not be the case because: (1) individuals prone to HHcy (see below) can have a lifelong exposure to surges of HHcy with dietary methionine intake or with vitamin deficiency, and therefore the adverse impact of HHcy on LVEF may build up over the years; and (2) this correlation emerged from a cross-sectional type of study that is typically exposed to the risk of underestimating rather than overestimating the effect of relevant predictors because of regression dilution bias. 39 The importance of HHcy as a determinant of LVEF was supported recently by the observation that it predicted the onset of congestive heart failure, 22 CV mortality, 38 and a low LV fractional shortening in a cohort of the Framingham Heart Study that was free of heart disease. 23 Experimental evidence for a direct negative effect of HHcy on LV function exists. 19, 40 Furthermore, chronic HHcy was shown recently to induce LV hypertrophy, perivascular and interstitial collagen deposition, and impaired diastolic function, 41 thus suggesting that HHcy can increase CV mortality via its adverse effects on the LV. Regrettably, we could measure neither LV mass nor LV collagen in our population and therefore could not rule out the hypothesis that the inverse relationship of HHcy with LVEF was attributable to the concomitance of LV hypertrophy or fibrosis. Furthermore, our results did not establish a mechanistic link between HHcy and LV dysfunction.
MTHFR Genotypes, CAD, and LV Ejection Fraction
The results obtained with the MTHFR 677C3 T genotypes and folate measurement are of additional interest. While confirming the findings by Brilakis et al that this SNP did not affect either CAD per se, 42 they would also suggest the lack of effect of the SNP on LVEF. However, we found that under low folate intake, the genetic predisposition to higher tHcy values translated into HHcy and was associated to a stepwise decrease of LVEF ( Figure 2 ). Thus, these results document for the first time a MTHFR gene-environment interaction that might adversely impact on LV function in humans.
Effect of HHcy and MTHFR Genotype on Survival
We gathered follow-up information on all the patients and recorded a substantial number of CV deaths (eg, a 7.9% CV mortality rate in the normotensive patients and 9.4% in the arterial hypertensive patients). At Kaplan-Meier analysis, CV death-free survival was significantly associated with lower tHcy but not with MTHFR genotypes in the whole population (Pϭ0.0003) and in the arterial hypertensive patients (Pϭ0.0012) but not in the normotensive patients (NS; Figure 3 ). At Cox regression analysis with multivariate adjustment for major CV risk factors, the independent predictors of event-free survival were age (PϽ0.0001), LVEF (PϽ0.0001), CAD score (Pϭ0.005), and hypercholesterolemia (Pϭ0.034). Similar results were obtained when ongoing medical treatment was considered. Interestingly, tHcy became a significant, albeit weak (Pϭ0.06), independent predictor of event-free survival, along with age (PϽ0.0001), CAD score (Pϭ0.005), and hypercholesterolemia (Pϭ0.046), only after forcing the LVEF out the model. Thus, these results not only confirm that tHcy predicts overall mortality 7 but, more importantly, indicate that it foretells CV mortality in a mixed-gender, high-risk population, in keeping with data in healthy women of the Population Study of Women of Gothenburg. 38 Moreover, the adverse prognostic impact of HHcy was seen in arterial hypertensive patients and can be associated with a lowering of LVEF through mechanisms that deserve further investigation.
Conclusions
In consecutive high-risk patients referred for coronary artery angiography, HHcy was common but not associated with the coronary atherosclerotic burden or with arterial hypertension. Moreover, HHcy predicted CV mortality and a low LVEF in arterial hypertension but not in normotensive patients, regardless of CAD severity or history of myocardial infarction. Given the important prognostic role of LVEF, these results, along with experimental data, 41 suggest that HHcy might nefariously affect CV outcome, at least in part, via its adverse effect on the left ventricle.
